The effects of X-ray irradiation on the bound water of living tissues, such as rat muscle, liver tissue, red cells and mouse thymus tissue were studied by the vapor pressure method.
INTRODUCTION
The effect of irradiation on living mammalian tissues has been studied in mor phological and functional aspects, but little is known about the chemical and physico-chemical changes caused by irradiation in cells' . More than half of mass of living tissues consists of water.
Some portion of this water constitutes, so called " bound water ". Bound water is combined by hydrogen bonds.
These polar groups also form hydrogen bonds involved in the structure of macromolecules in living tissues'-'). The present study is concerned with alterations in the content of bound water in some living tissues of the rat and mouse after X-ray irradiation . RESULTS AND DISCUSSION
Determination of the amount of bound water in normal tissue
The isothermic vapor pressure curve for thymus at 25°C is shown in Fig. 1 . The activity of water (a) is the ratio (P/Po) of water vapor pressure of the sample (P) to saturated vapor pressure of pure water at the same temperature (P0). This activity is a function of the temperature and of the force of combina tion between water molecules and tissue materials.
Isothermic vapor pressure curves could be analyzed by the BET absorption theory5'9>, which was used in analysis of the absorption of gases by inorganic substances.
Assuming that the first layer of absorb ed water is more firmly absorbed than the second or subsequent layers, the following formula from the relation between a and g can be derived from the BET theory, where g represents grams of water per gram of dried tissue.
In formula (1), Vm1 is a constant corresponding to the amount of absorbed molecules necessary to cover the first absorption layer.
The second constant C, without dimensions, is approximately related to the heat of absorption.
In formula (2), R is the gas constant, T the absolute temperature and (E1-Eo) the excess energy per mole absorbed in the first layer over that in the pure liquid state. According to the BET theory the relation of a/ (1-a) g to a is linear as shown in Table 1 ). The excess energy per mole, (E1-E0) was 2.3 k cal /mol, which was in the range of the energy of hydrogen bonds.
If g/a is plotted against a, it is possible to estimate the amount of water absorb ed by the first two layers (Vm2). In this case, Vm2 was 0.18 g per gram of dried sample.
The ratio of VmZ/Vm1 was 1.8. The total amount of bound water at a_-0.7 was 0.34 g.
The similar calculations were applied to other normal tissues, such as rat muscle, liver and red cells, as shown in Fig. 3 and Table 1 . In rat liver tissue, Vm1 was 0.11 and Vm2 was 0.23 g. Total bound water was 0.35 g at a -_ 0.7. (E1-Eo) was 2.0 kcal/mol.
The value of Vm1 of rat muscle tissue was 0.19 and Vm2 was 0.27 g. Total bound water was 0.55 g and (E1-E0) was 1.4 kcal/mol.
In rat red cells, Vm1 was 0.25 and Vm2 was 0.45 g. (E1-E0) was 3.0 kcal/mol.
The isothermic vapor pressure curves are shown in Fig. 3 .
It has been reported that, quantitatively, water is the most important compo nent of the living tissue and that a portion of this water constitutes a bound water which is physiologically different from so-called "free water "3 4>. In the present work on the bound water in rat muscle, liver tissue, red cells and mouse thymus tissue in the living state, the values of Vm1 were estimated as 0.19, 0.11, 0.25 and 0.10g, respectively.
Tissues with a high biological activity, such as rat muscle and red cells had more bound water than those with a low biological activity, such as thymus.
Alteration in bound water content in tissues after irradiation
Rat red cells In normal rat red cells, Vm1 was 0.25 and Vm2 was 0.45g. The total bound water was 0.45 g at a -_ 0.7 and Vm2/Vm1 was 1.8. (E1-E0) was 3.0 Kcal. The values of Vm1 and Vm2 increased greatly after irradiation, as shown in Table 2 . The value of Vm1 was 0.25g in normal cells, 0.31 after 500R, 0.34 after MOOR and 0.38g after 200O R irradiation.
The value of Vm2 was 0.45g in normal cells, 0.53 after 500R, 0.60 after 100O R and 0.67 after 200O R of irradiation. The ratio of Vm2/Vm1 was about 1.8 in each case. The bound energy was also constant at about 2.9.
Red cells differ from cells in other tissues in that they have not nucleus and are free in the body. Higher values of Vm1 and Vm2 were observed after a higher dose of irradiation.
The observed increase of total bound water in red cells seemed to be related to accelerated hemolysis caused by irradiation.
Rat liver tissue
In normal rat liver tissue, Vm1 was 0.11 and Vm2 0.23 g. The total bound water was 0.35 at a 0.7 and Vm2/Vm1 was 2.0. (E1-Eo) was 1.4 kcal /mol. After 2000 R of irradiation, Vm1 and Vm2 exceeded the control values, being 0.20 and 0.41 g respectively (Table 3 ). Since increasues in the values of Vm1 and Vm2 were observed in red cells, muscle and liver tisses after irradiatian, it seems probable that the mechanism of this effect of irradiation is similar in these tissues.
Rat muscle tissue
An increase in the amount of bound water in muscle tissue was again observed after exposure to X-rays.
Just after 4000 R of irradiation, Vml was 0.41 and Vm2 0.78 g while these values were 0.19 and 0.27 g in normal tissue.
Thus the amount of bound water in muscle tissue increased greatly just after irradiation (Table 4) . Twenty four hours after irradiation, Vml had decreased to 0.12 and Vm2 to 0.22, values similar to those of normal tissue. Thus, the alteration pattern in the bound water in thymus tissue after irradia tion differs from those in rat muscle and liver tissue. The decrease in the amount of bound water immediately after irradiation seemed to be due to a specific character of thymus tissue"-"). Studying the first layer of absorbed water in proteins, Pauling re ported that the water absorbed by proteins combines with the side chains of amino acids by forming hydrogen bonds with polar groups but that it rarely combines with the main peptide chain (=CO, =NH)').
Using the method of Pauling, amounts of water in muscles and red cells were measured quantitatively, as shown in Table 6 . Considering muscle tissue to be a mass of actomyosin the theoretical amount of bound water would be 3200 moles per 105 g dried sample, if all of polar groups in the constituent amino acids were bound to water.
The actual value estimated experimentally was 1050 moles per 105 g dried sample.
This corresponded roughly to the theoretical value of 1500 moles which was calculated by assuming that water combined with all amino acids via side chains but not via the main peptide chain.
After irradiation with 400O R the observed value became 2300 which corresponded to the theoretical value of 2400 moles calculated by assuming that water combined with amino acids both the the main peptide chain (=CO, =NH) and via the side chain.
A similar analysis was made in rat red cells. The amount of bound water in normal red cells corresponded to the theoretical value, calculated on the assump tion that the cells were masses of haemoglobin in which water combined with amino acids via the side chain but not the peptide chain.
The amount of bound water after irradiation corresponded to the theoretical value, calculated by assum ing that water combined with amino acids via both the main peptide chain (=CO, This suggests that normally the polar groups of the main peptide chain (=CO, =NH) cannot form hydrogen bonds with water but that a large dose of irradiation unmasks them in some way so that they become capable of forming hydrogen bonds with water.
The increase in bound water after irradiation might be related to increse in polar groups capable of forming hydrogen bonds. It would seem probable that the observed increase in bound water was due to increased combination of water with polar groups in the main peptide.
A possible explanation for the foregoing effect of irradiation on living substan ces might be that irradiation energy absorbed by the macromolecule which are normally polymerized serves to split bonds such as -S-S bonds in the main peptide chains.
